This paper reviews the application of polymer-based smart coatings for obtaining active comfort regulation in clothing. Currently available systems for adaptive comfort regulation which involve application of phase change materials (PCMs), shape memory polymers (SMPs) and stimuli-responsive polymers (SRPs) have been briefl y discussed. It is shown that functional activity (sense -react -adapt) of polymer-based smart textiles can provide active comfort regulation function to textile materials.
Introduction
Th e use of textile material for human clothing is the most traditional area of textiles. In traditional way the protective role of clothing has been quite passive being restricted to choosing the proper material for certain physical conditions of the body and of the environment, with a simple task to keep the wearer comfortable and healthy. Nevertheless, throughout the human history the role of clothing has become much more complex as the consequence of the changes in lifestyle and the sophistication of consumer demands. By being based on the expansion of education, technology, industry, urban life and communication tools, modern society comprises complex culture changing accompanied with increased social mobility, personal development opportunities and more autonomy given to the individuals. As the consequence, current consumer demands in clothing have become closely related to high performance and effi ciency, especially within the areas of leisurewear, sportswear, workwear and PPE. Th e requirement that a clothing possesses an additional active role of adapting to the changes of physiological needs in accordance with the activity of the wearer and the changes in the environment is becoming increasingly emphasized. Th is novel functionality is known as "active comfort regulation" and it can be achieved by implementing the socalled "smart polymer coating technology". By applying smart polymers, textile materials that can sense and interpret changes in their local environment (temperature, humidity, pH, etc.) and respond appropriately can be produced. When considering clothing, the term local environment comprises both the environmental conditions (outside) and the body functions (inside). A wide variety of smart polymer coating technologies is currently being possible as the consequence of enormous growth in supporting technologies, primarily in the areas of surface modifi cation techniques, stimuli-responsive polymers (SRPs), phase change materials (PCMs) and shape memory polymers (SMPs). By operating at micro-and nano-level, these technologies provide the means for restricting textile modifi cation to a very thin layer of material surface. Th is approach enables producers to continue using conventional textile fi bres to create modern smart textile materials that are not only keeping us warm, dry and comfortable, but are also expected to react and interact with a certain range of stimuli and situations.
Thermal Comfort Ability of Clothing
Although there is no single determination of comfort, it is well known that thermal resistivity and moisture dissipation in all their forms play a significant role in providing overall comfort. Mecheels [1] has described wear comfort as a measure of how well a clothing assists the functioning of the body, or at least impairs it to a minimum degree. As a clothing is directly in contact with the human body, it interacts with the body continuously and dynamically during wear, which stimulates mechanical, thermal, and visual sensations. Th is has been termed by Li [2] as sensory comfort which is a relatively new area in clothing comfort research.
Factors of Thermal Comfort in Clothing
In general, thermal comfort depends on the interaction between three sets of factors: environmental factors (air temperature, air motion, ambient air relative humidity and mean radiant temperature), physiological factors (e.g. metabolic heat) and clothing factors (insulation, permeability, design elements). Taking into consideration main factors of thermal comfort, it can be considered that proper insulation by clothing is obtained by ensuring thermal balance of the human body despite changes in the ambient temperature and humidity, as well as in the metabolic heat production as the result of the wearer's activity [3] . Generally, the perception of clothing comfort is positively related to warmth and negatively to dampness [4] . A key function of clothing in terms of thermal comfort is insulation. Clothing creates a certain microclimate around the human body, which is mostly determined by the volume of air enclosed in the fabric and between the fabric and the skin. Hence, the easiest way to achieve thermal comfort is to ensure that the insulation property of a clothing being worn is appropriate. In achieving appropriate insulation, i.e. thermal comfort, breathability and moisture management of a garment are the most important parameters. Breathability and moisture management are closely interrelated. If clothing is not breathable, vapour and excess heat cannot escape from the body, thus limiting the ability of the wearer to maintain an ideal microclimate. Th erefore, a clothing must be able to transport the moisture away from the skin and allow that the vapour passes through the fabric and evaporate to the ambient. Th e rate at which this process occurs determines how breathable textile material is. Since a clothing creates certain microclimate around the human body, which aff ects the human feeling of comfort, the air temperature between the body and the fi rst layer of clothing is the determining factor for comfort feeling. However, the optimum level of this temperature is determined by human physical activity, and it is greatly infl uenced by the level of health, age, physical fi tness and general metabolism of any individual. Th e more intense the activity of the wearer is and the more extreme the environment conditions are, the higher is the impact of clothing on thermoregulation.
Active vs. Passive Thermoregulation
Based on the ability to respond to the environmental parameters changes, textiles with thermoregulation function could be divided into passive and active. Th e well-known passive thermoregulation property is present in conventional textiles (e.g. silk or wool) which are able to warm or cool depending on the environmental conditions. It can be achieved also with textiles made of special fibres (e.g. hollow fi bres for warming) or with special textile structure (e.g. three-dimensional structure constructions), as well as with functional multilayer clothing systems (e.g. 1st layer -good vapour and air permeability; 2 nd layer -warmth isolation; 3 rd layer -protection from environmental conditions: wind, rain). Active thermoregulation is achieved by the products with ability to optimise and assist thermoregulation capability of the wearer by providing conditions for warming the body when the temperature drops, or cooling it when the temperature rises, thus actively keeping the balance of the human body micro-climate temperature. Th e main challenge for active comfort regulation function is that it must be capable of supporting wide variety of microclimate variations caused by both environmental factors and physiological factors to enable spontaneous regulation of clothing performance in a desirable manner when environmental conditions change. Hence, responsive and adaptive functions of smart clothing must be capable of supporting the abrupt microclimate changes, especially during exercise or in extreme environmental (cold and heat) conditions.
Technologies for Active Comfort Regulation
Th ere are two main principles through which active thermoregulation functionality of textile fabrics can be achieved: (1) incorporation of the materials capable of absorbing and/or releasing heat; (2) incorporation of the materials capable of sensing temperature changes in the environment, and responding appropriately by adapting fabric insulation capability through providing changes in its breathability and moisture management (i.e. active permeability control). Both principles are involved in current smart polymer-based coating systems for active comfort regulation, which are based on the application of phase change materials (PCMs), shape memory polymers (SMPs) and stimuli-responsive polymers (SRPs). All these materials possess the ability to sense and react thermally, so they can be ranked as smart materials.
Phase Change Materials (PCMs)
Phase change materials (PCMs) are the substances that possess the ability to change their physical statefor example, from a solid to a liquid -in response to temperature changes within a rather narrow temperature range. During phase transitions (i.e. as a phase change takes place) PCMs store, release or absorb energy in a form of latent heat. In simple words -PCMs are basically the materials that absorb lots of heat from their environment when it is warm and then release it when it becomes cold. Th e ability of PCMs to control the heat fl ow "in and out" makes them very suitable as a source of heat storage for active comfort regulation of textile materials and clothing [5] [6] [7] . In practice, when PCMs in a clothing are heated (by the wearer's activity or warm environment), they liquefy. During this process, PCMs absorb excess heat and create a cooling eff ect. As the body of the wearer cools down, PCMs change from a liquid to a solid state and release heat which keeps the wearer warm.
In such a way, the clothing system can adapt by itself to variable thermal needs (i.e. the activity level of the wearer and the ambient temperature). Th is exciting property of PCMs is recognized as very useful in producing protective garments for all kinds of weather -from the strongest winter to the hottest summer. A wide spectrum of phase change materials is currently available, with diff erent heat storage capacity and phase change temperature. For a suitable application of PCMs in textiles, the phase change temperature must be within a comfort range of humans, namely between 15 and 35 °C. PCMs that fulfi l the above mentioned requirement are diff erent kinds of paraffi n waxes (mixture of mostly straight-chain n-alkanes) and linear long chain hydrocarbons (e.g. n-oc tadecane, n-hexadecane, n-eicosane etc.), which are usually combined to give the desired physical properties and reach required temperature stability. Another important PCM for textile applications is low cost commercial paraffi n wax polyethylene glycol (PEG) of variable molecular weight. Other attractive candidates for textile applications are: fatty acids and their binary mixtures, polyalcohols and polyalcohol derivatives and hydrated inorganic salts. Th e major disadvantage for the application of PCMs in textile fi eld is the need for containers to prevent the leakage of PCMs. Th erefore, since PCMs are under certain conditions in liquid state, they are usually not directly applied to textile material, but they are mostly fi rst encapsulated and further applied in the form of microcapsules -small polymeric spheres with diameters of only a few micrometres (typically they are 20-40 μm in diameter) [8] [9] . In their application to textile materials, PCM-microcapsules can be either permanently locked in fi bre structure (applied during synthetic fi bre formingspinning) or coated onto the surface of a textile structure (chemical fi nishing). For application of PCM-microcapsules by coating, a coating composition must be prepared, which includes PCM-microcapsules, a surfactant, a dispersant, an antifoam agent, and a polymeric mixture (as thickener and binder). An alternative method is incorporation of PCM-microcapsules in the form of continuous fi lm to the textile material surface by using coating with polymers such as acrylic, polyurethane, etc. PCMs can be applied to textile material also by lamination.
In that case PCM-microcapsules are incorporated into a thin polymer fi lm which is in the next stage of production applied to the inner side of the fabric system by lamination process. Apart from imparting active comfort regulation property to textile material, PCM-microcapsules can adversely aff ect other comfort-related properties of textiles, especially when coating results in drastic changes in the surface characteristics of materials as the consequence of the increased quantity of microcapsules applied. Th e fabric can become stiff and moisture-impermeable, consequently reducing fabric soft ness and fl exibility, and impairing breathability and moisture transport properties. Th erefore, the properties of fabrics treated with PCM-microcapsules need to be seriously assessed before use in a garment [10] [11] . Th ermally active materials made by PCM-microcapsules coating are able to improve wear comfort of a garment by active thermal insulation, i.e. by controlling the heat fl ux through the garment layers and adjusting it to the variable thermal circumstances (activity level and ambient conditions). Th e functionality of such material is based on a buff ering eff ect that PCM-microcapsules have against temperature changes which provides an enhanced thermal capacity in addition to the existing passive insulation characteristic of the garment system. However, it must be noted that the clothing layer (or layers) containing PCMs must go through the transition temperature range before the phase change in PCMs occurs, and either release or absorb heat (depending on the ambient conditions). Th is means that the active comfort regulation cannot be achieved under steady-state thermal conditions, so the wearer has to impose some activity to cause the change of the temperature of the PCMs containing fabric. Th e need of PCMs for constant charging and recharging is the main reason that PCM-microcapsule coated clothing is mainly used for active wear, work wear and outdoor sports apparel.
Shape Memory Polymers (SMP)
Shape memory materials (SMMs) are a set of materials that, due to an external stimulus, can change their shape from some temporary deformed shape to a previously 'programmed' shape [12] . Th e shape change is activated most oft en by changes in the surrounding temperature, but with certain materials stress, magnetic fi eld, electric fi eld, pH-value, UV light and even the presence of water can also be a triggering stimulus. Among various available shape memory materials, shape memory polymers (SMPs) are suitable for producing smart coatings for textiles. Nevertheless, the shape memory eff ect of SMPs is not related to a specifi c material property of single polymers, but to specifi c polymer systems that possess shape memory properties. Th e shape memory eff ect results from a combination of the polymer structure and the polymer morphology together with the applied processing and programming technology [13] [14] [15] . Th e most readily available SMP for use in textiles is the segmented polyurethane (SMPU) system which is a two-phase heterogeneous structure consisting of a rigid fi xed phase and a soft reversible phase. Th e reversed phase is used to hold the temporary deformation and the fi xed phase is responsible for memorizing the permanent shape. Th e permanent shape can be memorized and recovered automatically from the temporary deformation with the trigger of heating [16] .
Since the most common stimulus in SMP applications is heat (i.e. the change in the environmental temperature), the most oft en reported research on their application in textiles is for thermoregulation, i.e. active comfort control [17] . SMPs can be incorporated in the form of fi lms in multilayer garments for protective clothing, sportswear or leisurewear. Using a composite fi lm of shape memory polymer as interlining (i.e. membrane) in multilayer garments, outdoor clothing could have adaptable thermal insulation and be used as a performance clothing with variable -adaptable thermal insulation values [18] . Th e principle of active comfort regulation is based on the ability of SMP fi lm (or coating) to undergo a large change in moisture permeability across the glass transition temperature (T g ) or the soft segment crystal melting point temperature (T ms ). Based on the T g /T ms set at room temperature, the SMP can have low moisture permeability below the T g /T ms (in the glassy state) and high moisture permeability above T g /T ms (in the rubbery state). Th e same principle applies to SMP coated textiles. Th e permeability of a coated fabric changes as the wearer's environment and body temperature change. When the wearer's body temperature is low, the fabric remains less permeable, restricting the loss of body warmth and thus keeping the body warm. When the body temperature rises as the consequence of certain activity (and it starts sweating), the SMP coated textile allows the water vapour to escape into the environment (i.e. releasing heat to the environment) because its moisture permeability becomes very high with increasing body temperature.
As an alternative to the use of fi lms and lamination, SMP can be directly used as a fi nishing agent (by coating) for application on textile fabrics. Nevertheless, the area of coating of SMP to textiles is relatively new and reported developments are scarce. One promising method is based on a highly adhesive resin coating solution by dissolving polyurethane SMP in dimethylacetamide [19] or graft ing to cotton [20] [21] and wool [22] fabrics. Th e coating process is reported as being highly effi cient as already a small content of SMP is suffi cient to transfer the shape memory eff ect to the fabric. Hu et al. [23] proposed the general mechanism for coating textile with SMP, based on the cross-linking between the SMP network itself and the fi bre, which can form the net-points and the soft segments of SMP serve as switches. Th us, the shapememory eff ect from SMP can be transferred to the fabric and maintain its durability during washing. Currently, the application of SMPs on fabrics/garments to develop smart textiles is a very promising area, which has tremendous potential. It has attracted enormous attention, but technologically it can be still considered very challenging.
Stimuli-Responsive Polymers (SRPs)
One of the approaches to obtain active comfort regulation in smart textiles is based on the use of stimuli-responsive polymer (SRP) coatings integrated into the fabric structure. Th e main challenge of this approach is to integrate SRP durably to textile material surface in such a manner that they still retain the responsive behaviour.
In recent times, an increasing amount of research has been done on functional fi nishing of textile materials by incorporating stimuli-responsive polymeric systems. Hu et al. [24] comprehensively elucidated the applications of SRPs in the textile and clothing sector, together with the assessment of the associated constraints in fabrication processes for textiles and their potential applications in the near future.
Another extensive review deals with the temperature responsive SRPs and their application in textiles [25] . Both reviews give special attention to the systems for improving comfort in clothing by active comfort regulation and, apart from reviewing possibilities of PCMs and SMPs, pay special attention to the thermal/pH-responsive polymeric hydrogels. Hydrogels are widely used in a variety of applications and are usually defi ned as three-dimensional crosslinked polymeric networks that can imbibe large amounts of water [26] [27] . If hydrogel is prepared from stimuli-responsive polymers, it adds functionality and displays changes in solvation in response to certain stimuli such as temperature, pH, ionic strength, light, and electric fi eld. Hydrogels responsive to temperature and pH have been the most widely studied systems since these two factors have a physiological signifi cance. Versatile dual responsive hydrogels have been reported mainly for biomedical applications and the numbers of reviews coming up in this area in recent times address the latest developments [27] [28] [29] [30] . Th e fact of special interest for the application in smart textiles is that responsive hydrogel exhibits specifi c volume phase-transition (swelling and shrinking) properties which can be triggered by various stimuli (temperature, pH, humidity etc.). Incorporation of responsive hydrogels (i.e. microgels) to the surface of textile materials enables switching (on/off ) of various properties of a material [31] . Currently, most of the studies of synthetic temperature-responsive polymers focus on poly(N-isopropylacrylamide), poly(N-alkylacrylamide), poly(N-vinylcaprolactam), poly(vinylmethyl ether) and their derivatives [32] . Among these polymers, poly(N-isopropylacrylamide) (poly-NiPAAm) is the most widely explored as it has the peculiarity of possessing LCST (a reversible coil to globule transition in solution when the temperature is set beyond the so-called lower critical solution temperature) in the physiological range (~32 °C), which is notably important for biomedical or clothing applications [30, 33] . Th e origin of poly-NiPAAm temperature sensitivity has been fully explained by the cooperative hydration mechanism [34] . Below LCST, the amide group binds water molecules via hydrogen bonding (i.e. it hydrates to form an expanded structure); above LCST, hydrogen bonds break and the polymer expels water and precipitates (i.e. its chains dehydrate to form a shrunken structure). Th e result of copolymerization of poly-NiPAAm with an ionisable polymer, such as chitosan, is a microgel that is responsive to both temperature and pH. However, because of its hydrophilic nature (aff ected by pH), the incorporation of chitosan bearing a large amount of hydrophilic groups into the poly-NiPAAm hydrogel network is expected to greatly infl uence the above explained interactions. It has been shown that effi cient incorporation of the surface modifying system based on responsive polyNiPAAm/chitosan microgel (PNCS) into a textile material (cotton or polyester) can be done from aqueous microgel dispersion by simple pad-dry or paddry-cure procedure. Microgel could impart responsive moisture management properties to cotton, transforming it to an advanced material which could improve wear comfort when used for clothing [35] [36] . SRP microgel particles are confi rmed to exhibit a reversible phase transition (expansion -contraction) by varying their size more than threefold between temperature above and below LCST [37] . Once incorporated into textile material surface, it is likely that the SRP microgel particles act as a sensor of temperature and as a valve to regulate the water vapour permeability of the fabric, thus enabling control of moisture content and moisture transmission properties of a modifi ed fabric with small temperature variation in the physiological range. Since moisture permeability is the most important criteria to evaluate textile fabric comfort ability, the water vapour transmission (WVT) values for cotton and PES fabrics coated with poly-NiPAAm/chitosan microgel at low and high relative humidity (R.H.) and temperatures below and above LCST of the microgel have been measured [38] [39] [40] [41] . Th e studies of other research groups with similar microgel system have shown temperature-responsiveness of cotton fabric in terms of higher WVT values at higher temperature [42] [43] .
Since water presence is the driving force for temperature responsiveness of microgel, diff erent behaviour can be observed at low and high relative humidity (R.H.). At low R.H. values (50% and 65%), since there is not enough ambient humidity available, the microgel particles are in "dry" state and the modifi ed textile fabrics do not show obvious temperature response (or at least it is not macroscopically observable), thus showing very similar behaviour to untreated material. However, at high R.H. values (80%, 90% or 95%), when enough humidity is available, there are noticeable diff erences in the modifi ed textile fabrics behaviour in response to temperature change. Even though the diff erences in WVT can be considered as rather small, they clearly imply the responsive property of materials coated with microgel particles. Nevertheless, the WVT values confi rm that the moisture permeability of coated fabrics is not present continuously (i.e. passively), but it could be activated ''on demand'' by sensing the stimuli (temperature and humidity) in immediate surroundings, thus reacting to the human activity level or changing ambient conditions. Th ese properties can meet the demands for improved water vapour permeation at higher temperature and humidity for use in clothing and can be considered as an important step in the development of materials for the so-called "responsive performance apparel".
Conclusion
Polymer-based smart coatings currently provide great potential in obtaining textile materials, i.e. clothing with active comfort regulation properties.
Th ermally active materials made by applying PCMmicrocapsule coating are able to improve wear comfort of a garment by active thermal insulation, i.e. by controlling the heat fl ux through the garment layers and adjusting it to the variable thermal circumstances (activity level and ambient conditions). Th e processes of active permeability control in the SMP and SRP coated textiles are based on their ability to act as a switch to control the transmission of water vapour. Th e wearer's comfort can be improved if the material possesses high water vapour permeability at higher temperature and low water vapour permeability at lower temperature. At temperatures below the switching temperature, the SMP/SRP coating on the material surface exists in glassy/expanded state, while at higher temperatures it exists in a rubbery/collapsed state. Th us, the SMP/SRP coated fabrics could have water vapour permeability controlled by closing and opening the permitting passages for the water vapour transport through the material as the consequence of drastic polymer changes with the variation of temperature. By blocking the pores, they could also form a physical barrier to wind and water, which could be very useful for rainwear and foul weather clothing. Th e potential future benefi ts of apparel adaptive comfort regulation by smart coatings involving application of phase change materials (PCMs), shape memory polymers (SMPs) and stimuli-responsive polymers (SRPs) are signifi cant. Hence, the use of the polymerbased smart coatings for improvement of comfort will undoubtedly continue to expand into apparel applications. Nevertheless, all available technologies do have their limitations and still have potential to develop.
